Quantitative assessment of soil physical quality is of great importance for eco-environmental pollution and soil quality studies. in this paper, based on the S-theory, data from 16 collection sites in the haihe river Basin in northern China were used, and the effects of soil particle size distribution and bulk density on three important indices of the S-theory were investigated on a regional scale. the relationships between unsaturated hydraulic conductivity K i at the inflection point and S values (S/h i ) were also studied using two different types of fitting equations. The results showed that the polynomial equation was better than the linear equation for describing the relationships between -log K i and -log S, and -log K i and -log (S/h i ) 2 ; and clay content was the most important factor affecting the soil physical quality index (S). the variation in the S index according to soil clay content was able to be fitted using a double-linear-line approach, with decrease in the S index being much faster for clay content less than 20 %. in contrast, the bulk density index was found to be less important than clay content. the average S index was 0.077, indicating that soil physical quality in the haihe river Basin was good.
introduCtion
The Haihe River Basin is a very important industrial center for China, and produces about 10 % of the country's total grain output. People living in this basin account for 10 % of the total Chinese population (Weng et al., 2010) . Climate change and human activities cause severe eco-environmental problems, such as soil erosion, land degradation, decreased streamflow capacity, subsidence of the land surface, degradation of lakes and wetlands, and a fall in groundwater tables (Bao et al., 2012; Xing et al., 2014) . Soil physical quality, which is of great importance for eco-environmental pollution and soil quality assessment, has not been assessed comprehensively and systematically in this region.
Soil quality is usually considered to consist of three components: soil physical quality, soil chemical quality, and soil biological quality (Dexter, 2004a) . Soil physical quality has big effects on soil chemical and biological processes and, therefore, it plays a central role in the study of soil quality (Dexter, 2004b) and forms an integral part of all considerations of total soil quality (Dexter, 2004a) .
Although numerous studies on soil quality have been conducted by scientists in many research areas, the three components controlling soil quality have usually been examined individually (Dexter and Bird, 2001; Reynolds et al., 2002 Reynolds et al., , 2009 Dexter, 2004a,b,c,d; Dexter and Birkas, 2004; Dexter and Richard, 2009; Asgarzadeh et al., 2011) . Many parameters and index have been proposed and used in assessing soil physical quality, such as air capacity, plantavailable water capacity, relative field capacity, macroporosity, bulk density, organic carbon content, the structural stability index, total soil porosity, porosity of the soil matrix domain, air capacity of the soil matrix, field capacity, and permanent wilting point (Reynolds et al., 2002 (Reynolds et al., , 2009 ). However, the soil physical status for soils of different texture are not comparable by these parameters and index.
The s-theory, first proposed by Dexter (2004b) , can be used to predict a range of soil physical properties (Dexter, 2004b,c,d ), and the s index is the core index of this theory. The theory shows how soil texture, bulk density, and organic matter content affect s, and how root ability in soil fits qualitatively with a given value of s (Dexter, 2004c) . The effects of soil friability, soil break-up by tillage, and hard-setting on s were also explained (Dexter, 2004d) . Further, it was illustrated that unsaturated hydraulic conductivity at the inflection point is positively correlated with s (Dexter, 2004d) . Three indices, s, F (index for friability), and h (index for hardsetting) were introduced by Dexter (2004b,c,d) , and s = 0.035 was defined as the boundary between good and poor soil physical conditions.
The s-theory offers a feasible and accurate method for quantifying and assessing soil physical quality; it is widely used in the areas of soil science and soil physics. Based on the soil water retention curve, methods were proposed for predicting the optimum content and the range of soil water content for tillage (Dexter and Bird, 2001) . As the growth of plant roots ceased at about s = 0.02, this led to the assumption that s may be related to penetration resistance, and 1/s was used as a measure of the degree of soil compaction. A method for prediction of soil penetration resistance was put forward, and the usage of 1/s made it applicable to soils of different textures at different bulk densities . The amount clods produced at optimum water content was shown to be linearly and negatively correlated with the s index (Dexter and Birkas, 2004) . The s index expressed with h as an independent variable significantly increased the relevance of the analysis (Santos et al., 2011) , compared to the range of the s index as it was originally proposed by Dexter (Dexter, 2004b) . S-theory was also adopted to study soil tillage in relation to bi-modal pore size distributions (Dexter and Richard, 2009 ) and the integral energy of conventional available water, least limiting water range, and integral water capacity (Asgarzadeh et al., 2011) . s-theory was also able to be used to identify areas of land where physical degradation or amelioration were taking place, and to evaluate management practices that would provide for sustainable land use hydraulic conductivity, the optimum water content for tillage, soil friability, the degree of soil break-up during tillage, penetration resistance, the ability of the soil to store plant-available water, root growth, and soil stability .
Previous studies have reported the effects of texture, bulk density, and organic matter content on the s value; the relationships between soil friability and hard-setting of soil and s; and the positive correlation between unsaturated hydraulic conductivity at the inflection point and s (Dexter 2004b,c,d) . However, the data on a farm scale used in previous studies makes the s-theory seem site-dependent. Van Lier (2014) revisited the S-index for soil physical quality and its use in Brazil. He found that as an absolute indicator, the value of s alone has proved to be incapable of predicting of soil physical quality, while as a relative indicator, it has no additional value over bulk density or total porosity (Van Lier, 2014) . And more, whether s-theory can be validated by data on a regional scale is in doubt. How the index of soil physical quality for the s-theory is affected by soil bulk density and particle size distribution on a regional scale is still unknown.
The objectives of this paper were therefore to quantitatively assess soil physical quality from data collected in the Haihe River Basin, investigate the effects of soil particle size distribution and bulk density on the indices of s-theory, and establish the relationships between the unsaturated hydraulic conductivity at the inflection point and s (s/h i ) on a regional scale in northern China.
material and methods the region under study and data collection
The Haihe River Basin (35° to 43° N; 112° to 120° E) is located in northern China and it has two major rivers: the Haihe River and the Luanhe River (including their tributaries). The area of the basin is about 318,800 km 2 , of which 189,000 km 2 is mountainous and the rest is a flood plain, with a range in elevation from 0 to 3,059 m. It includes Beijing, Tianjin, and more than 20 large and medium-size cities in Hebei, Shandong, Shanxi, and Henan provinces. The Haihe River Basin is characterized by a semi-humid climate in the monsoon region of the East Asia Warm Temperate Zone. Annual mean temperature is 9.6 o C and average annual pluvial precipitation is 530.3 mm , with approximately 75-85 % of rainfall occurring from June to September (Weng et al., 2010; Bao et al., 2012; Xu et al., 2014) .
Numerous investigations on soil physical and hydraulic properties have been carried out in this region, and the data used in this study were from previous studies (Huang, 1995; Huang et al., 1995 Huang et al., , 2000 Li, 1997; Xu et al., 1997; Liu and Xie, 1998; Qiao et al., 1999; Zhang et al., 2001; Wang and Jin, 2002; Cao and Gong, 2003; Ma, 2004; Zou, 2004; Chen, 2005; Lu et al., 2006; Peng and Shao, 2006; Zou et al., 2006a,b; Jin et al., 2007; Zhu et al., 2012) . The collected data for the soil water retention curve and soil physical parameters are listed in table 1. Part of the data for particle size distribution and soil saturated hydraulic conductivity are not available. It is clear that most of the soil in this region is loam type. In previous studies (Huang, 1995; Huang et al., 1995 Huang et al., , 2000 Li, 1997; Xu et al., 1997; Liu and Xie, 1998; Qiao et al., 1999; Zhang et al., 2001; Wang and Jin, 2002; Cao and Gong, 2003; Ma, 2004; Zou, 2004; Chen, 2005; Lu et al., 2006; Peng and Shao, 2006; Zou et al., 2006a,b; Jin et al., 2007; Zhu et al., 2012) , soil saturated hydraulic conductivity was obtained by the constant head method or the horizontal soil column method, and the parameters describing the soil water retention curve were obtained by fitting the data of soil water content against the soil pressure head based on different curve fitting methods. Both soil saturated hydraulic conductivity and the parameters of the soil water retention curve were able to be obtained by pedotransfer functions based on soil physical properties, which have proven to be a good predictor for missing soil hydraulic characteristics (Wösten et al., 2001 ). The descriptive statistical index for the data collected from 16 sites in the Haihe River Basin are in table 2. In this paper, it is reasonable to assume that the parameters obtained from the methods mentioned above are comparable on a regional scale in this study. theory s-theory is based on the van Genuchten equation (van Genuchten, 1980) for the soil water retention curve. The van Genuchten equation is expressed as:
where Θ is the relative degree of saturation; h (m) is the soil water potential; θ sat and θ res (kg kg -1 ) are the saturated and residual soil gravimetric water content, respectively; α (m -1 ), m and n are the shape parameters of the retention and conductivity functions, m = 1 -1/n; and K s (m s -1 ) is the soil saturated hydraulic conductivity.
The van Genuchten equation can be plotted as the curve of θ against log h, and the inflection point of the curve is defined as:
Eq. 3
The modulus of soil water potential and soil water content at the inflection point can therefore be obtained as follows: Dejun Yang et al. 
Eq. 5
where h i (m) and θ i (kg kg -1 ) are the modulus of soil water potential and soil water content at the inflection point, respectively.
The slope s i at the inflection point, also called the s index, can be calculated using the following equation: 
The soil physical parameter, s i , was defined as the index for soil physical quality by Dexter in his series of papers (Dexter, 2004b,c,d) , which was shown to be comparable among soils of different textures. The descriptive categories of soil physical quality in terms of the corresponding value of s i were proposed as follows: s i ≥0.050 very good, 0.050>s i ≥0.035 good, 0.035>s i ≥0.020 poor, 0.02>s i very poor (Dexter 2004d;  Reynolds et al., 2009 ). s i = 0.035 was suggested for the reference value as the boundary between good and poor soil structural quality (Dexter, 2004b) .
By assuming that a soil with a greater degree of hard-setting at θ i had the same effect at any other water content, Dexter (2004c) introduced an equation for measuring hard-setting, h, which was based on the rate of change of effective stress (estimated as Θh) with unit change of gravimetric water content, θ :
Eq. 7
At the inflection point:
H h S i i sat i i = + [ ][ ] θ θ 1
Eq. 8
where h i is the index for hard-setting.
Dexter (2004c) also showed that the friability index, F i , was highly correlated with s i , and F i varied with s i in the following equation: 
Eq. 9
where F i is the friability index, and 0.5 is the reference value defining soil structural quality as good or poor.
Soil unsaturated hydraulic conductivity, K i , at the inflection point can be derived by combining equations 2, 4, and 5.
results and disCussion
Based on s-theory, we will discuss interaction between the indices of s-theory and different soil parameters on a regional scale as follows: s index vs. clay content, log h vs. clay content, s index vs. bulk density, log h vs. bulk density, -log K i vs. -log s, and -log K i vs. -log (s/h) 2 . The effect of clay content on the s and h index, collected at different depths in Yongledian, Beijing City, were also discussed. s, F, and h values of s-theory and statistical indicators of 16 sites were calculated for quantitatively assessing the soil physical quality of the Haihe River Basin in northern China.
the effects of clay content on the index for soil physical quality
The effect of clay content on the s index in the Haihe River Basin is in figure 1a. It reveals that with an increase in clay content, the value of the s index generally decreases. Such a phenomenon is likewise seen in a previous study on Swedish soils (Dexter, 2004b) . Clay content for most soils in the Haihe River Basin is between 15 and 35 %, which leads to an s index in the range of 0.0359 to 0.1000. The maximum and minimum values of the s index in the Haihe River Basin are 0.242 and 0.0359, respectively, both of which are above the critical value of 0.035. The average value of the s index is 0.077, indicating that soil physical quality in the Haihe River Basin is very good. The coefficient of determination of the fitting curve is low, 0.3144, which may be attributed to the spatial variation of soil physical quality.
With the increase in clay content at different intervals, the value of the s index generally decreases at a different rate of change. The attempt was made to use double linear lines to fit the data of the S index against clay content. The dividing point separating the two lines was found at the clay content of 20 %. We designate the zone for clay content less than 20 % as 'the steep-changing zone', and the zone for clay content greater than 20 % as 'the steady-changing zone' (Figure 1b) . The slopes of the fitting lines for the two zones are -0.004 and -0.0005, respectively. This suggests that the s index in the steep-changing zone decreases much faster with an increase in clay content than the s index in the steady-changing zone.
Generally, log h increases with increasing clay content, implying that the higher the clay content in the soil, more probably the hard-setting of soil will occur (Figure 2a) . The low R 2 value and equation 8 indicates that the h index is affected by more variables than just the clay content used in this study. The maximum and minimum values of the h index in the Haihe River Basin are 16503 and 267, respectively, whereas most of the h index is between 2000 and 6000, and the average value of the h index is 4169. The steep-changing zone and the steady-changing zone were also able to be identified (Figure 2b) , with the clay content of 20 % as the critical value as well. The h index increases faster with increasing clay content when clay content is less than 20 % than when clay content is greater than 20 %. Figure 3 shows the effect of clay content on the s (Figure 3a) and h (Figure 3b ) index in Yongledian, Tongzhou District, Beijing City. Seven soil samples from depths ranging from 0 to 2.41 m were obtained at the same site. Clay content at this site is between 0 and 20 %, which is in the steep-changing zone. Relationships between the s index vs. clay content, and the h index vs. clay content at this site received a higher R 2 , which were shown in Dexter's study (Dexter, 2004b,c,d) . For these relationships on the regional scale (Figures 1a and 2a) , the relatively lower R 2 for the relationships between the s index vs. clay content, and the h index vs. clay content is mainly attributed to spatial variation in soil physical quality and sampling of different depths.
the effects of bulk density on the index for soil physical quality We attempted a linear correlation between soil bulk density and the s index (Figure 4a ), but the low R 2 value indicates that such a relationship might not exist, and bulk density is a less important variable for the s index. Most of soil bulk density in the Haihe River Basin is between 1.35 and 1.55 Mg m -3 , and the s index in this region is scattered from 0.0359 to 0.100 (Figure 4a) . As for the log h, figure 4b shows a positive linear correlation with soil bulk density, although the R 2 value is very low. From the above, it may be concluded that, compared to clay content, soil bulk density is a less important variable for the indices of s and log h.
soil physical quality at different sites in the haihe river Basin
Because soil physical properties differ at different depths, numerous studies have been conducted to obtain soil samples at different soil depths to get a comprehensive understanding of soil physical quality at the sites studied (Puma et al., 2005; Badía et al., 2013; Penna et al., 2013; Wang et al., 2014) . Most sampling depths of the data collected in the Haihe River Basin are within 2.00 m, and all these depths should be considered in assessing soil physical quality. Thus, in this study, we followed the previous studies in analyzing samples from different depths for assessment of soil physical quality. For layered sampling sites, the soil physical quality indices were calculated using the weighted average method.
The coefficient of variation (CV) for the s index is 0.424, much smaller than the CV of 0.945 for the h index (Table 3 ). This suggests that the change in the s index among different sites is not as great as that in the h index in the Haihe River Basin ( Figure 5 ). This is mainly due to the fact that the h index is affected by more variables than the s index, as discussed above.
Hydraulic conductivity at the inflection point and its relationships to S and S/h i
It has been reported that the value of s at the inflection point was related to unsaturated hydraulic conductivity of soil at the inflection point, and thus the inflection point was able to be used as a ''matching point'' in studying unsaturated hydraulic conductivity (Dexter, 2004d) . Figure 6a shows the relationship between -log K i , and -log s using the linear and polynomial equations for fitting. The fitting linear equation is (-log K i ) = -5.57 + 2.56(-log s). Dexter (2004d) used the same type of equation to fit the data to Polish and Dutch soils and obtained (-log K i ) = -4.39 + 2.28(-log s), with R 2 = 0.50 for the Polish soil, and (-log K i ) = -3.69 + 3.05(-log s), with R 2 = 0.50, for the Dutch soil. In order to improve the R 2 value, we tried to use the polynomial equation for fitting the same data sets (Figures 6a and 6b ). Higher R 2 values were achieved in fitting the relationships between -log K i , and -log s, and -log K i , and -log (s/h i ) 2 . The polynomial equation fitting indicates there are extreme maximum values of -log K i (Figures 6a and 6b) , which are both located at the extreme point of the two polynomial equations. When -log s = -0.954, the extreme maximum value of -log K i is -8.01 (Figure 6a ), whereas when -log (s/h i ) 2 = -5.947, the extreme value is -8.03 (Figure 6b ). Different variables are used for -log K i , and its relationships to -log s and -log (s/h i ) 2 in the Haihe River Basin (Figures 6a and 6b) . However, approximately the same number for extreme value for -log K i is obtained when calculating two fitting equations for two relationships. The non-monotonous polynomial equation is better than the linear equation for fitting the relationships between -log K i , and -log s, and -log K i , and -log (s/h i ) 2 .
ConClusions
Clay content is the most important factor that affects the soil physical quality indices of s, F, and h on the regional scale in northern China. Two different zones, the steep-changing zone and the steady-changing zone, were identified, with clay content of 20 % as the dividing value.
A negative linear correlation between bulk density and the s index, and a positive linear correlation between bulk density and the h index were found. Bulk density is a less important index compared to clay content.
The average s index of 0.077 indicates that soil physical quality in the Haihe River Basin is very good. The CV for the s index is 0.424, smaller than the CV of 0.945 for the h index, indicating that the s index does not vary significantly among different sites as compared to the h index in the Haihe River Basin.
Two different type equations, the linear equation and the polynomial equation, were used for fitting the relationships between -log K i and -log s, and -log K i and -log (s/h i ) 2 . The polynomial equation with a higher r 2 provides a better fit than the linear equation for fitting the above two relationships. 
